###### Strengths and limitations of this study

-   A strength of this study is the use of a detailed periodisation model as a structured form of resistance training progression to optimise improvements in body composition and physical function.

-   This study also investigates molecular regulators of skeletal muscle remodelling to define mechanisms underlying a resistance exercise intervention in prostate cancer survivors.

-   An innovative aspect is the coupling of protein supplementation with resistance exercise to maximise the potential for lean mass increases. However, neither diet or caloric intake is controlled.

-   Because of the limited number of patients allocated across four groups, results from this study offer preliminary insight and hypothesis-generating data for larger trials.

Introduction {#s1}
============

The number of prostate cancer survivors (PCS) is steadily growing, with an estimated 3 million survivors in the USA in 2015 and a 5-year survival rate of nearly 99%.[@R1] An important component of prostate cancer therapeutics is androgen deprivation therapy (ADT), which reduces endogenous testosterone production to castrate levels in an effort to impede testosterone-driven tumour progression. The use of ADT has increased such that it has become the mainstay of treatment for locally advanced or metastatic prostate cancer with approximately 45% of PCS receiving ADT during the first year after diagnosis.[@R2]

Despite important clinical benefits such as improvement in survival, ADT is associated with numerous detrimental effects. Due to marked reductions in testosterone, PCS on ADT lose lean body mass (LBM) and gain fat mass, a condition known as sarcopenic obesity, and experience adverse changes to cardiovascular risk factors associated with metabolic syndrome (MetS).[@R2] MetS comprised a constellation of cardiometabolic variables, including hypertension, central adiposity, hypertriglyceridaemia, hyperglycaemia and low high-density lipoprotein cholesterol (HDL-C), with insulin resistance as the underlying feature.[@R3] As MetS is an established risk factor for cardiovascular disease, and MetS-related biomarkers such as insulin and insulin-like growth factor-1 (IGF-1) are implicated in prostate tumorigenesis,[@R4] interventions targeting MetS components may reduce the risk of cardiovascular disease comorbidity in PCS as well as slow disease progression. Furthermore, patients receiving ADT lose approximately 2%--4% LBM in the first year of therapy, and compared with healthy, age-matched men, PCS on ADT exhibit significantly lower physical function (ie, muscle strength, balance) and health-related quality of life.[@R5] Ultimately, declines in muscle strength contribute to fall risk and physical function impairment, which may impact the cost of continuing care, exacerbating prostate cancer-related lifetime spending beyond current estimates of \$4.0 billion.[@R6] Thus, an intervention that ameliorates sarcopenic obesity, attenuates MetS and restores physical function can serve as a crucial aspect of long-term care for PCS.

Treatment of MetS primarily consists of the pharmacological management of the individual components of MetS, such as the targeting of dyslipidemia through statins, hyperglycaemia through metformin or hypertension through antihypertensive therapy.[@R3] However, these pharmaceutical approaches do not comprehensively address the diverse, adverse alterations due to ADT. Because lifestyle factors such as physical activity level can affect the risk of MetS, and exercise can directly target side effects of ADT, employing exercise as a therapeutic option may be a useful alternative to pharmacological approaches for PCS on ADT. There is much support for improving cardiometabolic variables and physical function through exercise in older adults and patients with type 2 diabetes[@R7]; however, less evidence exists for the efficacy of exercise training in PCS on ADT. The few randomised controlled trials with exercise interventions conducted in PCS have been effective at enhancing muscular strength,[@R8] but only marginally effective at ameliorating cardiometabolic risk factors,[@R9] reducing fat mass[@R9] and increasing LBM.[@R11] Among those studies specifically targeting MetS criteria in PCS, none have reported a reduced prevalence of MetS as a result of exercise.[@R9] Improvements in individual MetS variables in PCS on ADT have been observed following a combined programme of resistance training and aerobic training (RT+AT),[@R9] or a regimen of high-intensity interval training.[@R15] Furthermore, in studies investigating LBM changes in PCS on ADT, RT+AT has been observed to attenuate LBM loss or elicit moderate increases in LBM (range: 0%--2.7%) with concomitant improvements in strength.[@R11] Thus, exercise may be an effective intervention to counter adverse cardiometabolic and physical function alterations in PCS on ADT, but refinements to existing training methodologies are necessary to optimally improve health and fitness outcomes.

Although most of the previously conducted interventions in PCS on ADT have met the American College of Sports Medicine/American Cancer Society's (ACSM/ACS) recommendation for exercise in cancer survivors,[@R18] studies that were most successful in favourably altering LBM or MetS components incorporated progressive intensity or volume. Yet, only a few exercise interventions in PCS on ADT have employed periodisation,[@R20] defined as the systematic progression of the acute programme variables of load, volume and rest period over the course of the training duration. Used primarily in athletic populations, periodisation is regarded as a superior method for optimally eliciting physiological and performance-related improvements.[@R22] Periodised resistance training (RT) may represent an optimal form of exercise in simultaneously countering cardiometabolic, body composition and physical function alterations as periodised interventions in insulin-resistant individuals have demonstrated significant improvements in all outcomes.[@R23] In addition, periodisation can be used to mitigate fatigue,[@R25] a prevalent side effect in many types of cancer treatment. Despite these purported advantages, the use of periodisation in therapeutic exercise interventions for cancer survivors has been underexploited, particularly in countering the metabolic side effects of ADT.

An additional issue is that even in the absence of ADT and disease healthy older adults exhibit a blunted response to anabolic stimuli compared with young adults. A single bout of resistance exercise has been shown to stimulate robust muscle protein synthesis in young adults 4--24 hours after exercise, while the same exercise bout performed by older adults evokes small, usually non-significant, increases in protein synthesis.[@R26] This blunted response has been suggested to result in a reduced hypertrophic response over a long-term programme of RT. To augment protein synthesis in older adults, the combined use of RT and milk-derived protein supplementation (PS) has been proposed as a strategic method for eliciting muscle hypertrophy. Although numerous investigations support the use of postexercise PS to enhance acute muscle protein synthesis,[@R27] limited data attest to the long-term effects of supplementation and RT on hypertrophy and strength gains in older adults.[@R28] Nonetheless, the addition of PS to a periodised programme of RT may augment LBM increases in PCS on ADT beyond RT alone.

The blunted response to anabolic stimuli observed in older adults has been attributed to reductions in skeletal muscle protein synthesis, mediated through the IGF-1/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) pathway, and increases in muscle protein degradation, characterised by persistent activation of the catabolic myostatin/activin pathway.[@R29] Both IGF-1/Akt/mTOR and myostatin/activin pathways are responsive to exercise-related stimuli, with increases in IGF-1/Akt/mTOR and decreases in myostatin/activin observed after acute and chronic RT in men.[@R30] Thus, an intervention that chronically increases signalling through the anabolic IGF-1/Akt/mTOR pathway and suppresses signalling through the catabolic myostatin/activin pathway is purported to increase muscle protein synthesis, which may lead to hypertrophic adaptations in the long term.

Objectives {#s2}
==========

This ongoing pilot study was designed for the primary aim of comparing the effect of a 12-week supervised, periodised RT intervention on sarcopenic obesity in men with prostate cancer on current or previous adjuvant ADT. For the primary hypothesis, a periodised RT intervention is expected to attenuate sarcopenic obesity to a greater extent than no exercise. For an exploratory hypothesis, the greatest attenuation in sarcopenic obesity will be observed in resistance training and protein supplementation (RTPS), followed by RT alone, PS alone, then control. Secondary aims investigate the impact of the periodised RT intervention on (1) cardiometabolic markers, including the individual MetS components of blood pressure, central adiposity, triglycerides, glucose and HDL-C, and other biomarkers (ie, insulin, IGF-1); (2) physical function, including muscular strength, cardiorespiratory fitness and functional task performance; (3) skeletal muscle regulation, including gene and protein expression of factors regulating skeletal muscle growth and atrophy; and (4) health-related quality of life. As this study represents the first intervention using periodisation and PS in PCS, the safety and feasibility of such a programme is also assessed.

Methods and analysis {#s3}
====================

Experimental design {#s3a}
-------------------

Study enrolment and data collection began in May 2014. Men with prostate cancer expected to remain hypogonadal (total testosterone \<50 ng/dL) throughout the 12-week study duration due to current or previous ADT administered for at least 3 months were enrolled. The study flow and study visit timeline are presented in [figures 1 and 2](#F1 F2){ref-type="fig"}, respectively. After obtaining written consent, participants are randomised in a 1:1 allocation ratio to one of four study groups: (1) RTPS, (2) RT, (3) PS or (4) control, with end points assessed at baseline (T1, T2), midpoint (T3) and post intervention (T4, T5).

![Study flow. ADT, androgen deprivation therapy; LAC, Los Angeles County Hospital; NCCC, Norris Comprehensive Cancer Center; PT, physical therapy; USC, University of Southern California.](bmjopen-2017-016910f01){#F1}

![Study visit timeline. \*Primary end point; \*\*optional assessment.](bmjopen-2017-016910f02){#F2}

Participants in the RTPS and RT groups perform 12 weeks of RT supervised by a certified exercise specialist and progressed according to a periodisation model. Participants in the PS and control groups are asked to maintain their current level of activity. In addition, as a means of enhancing retention and compliance, PS and control participants are given a home-based stretching programme for the duration of the 12-week intervention period and are offered the exercise programme at the end of the study.

Study status {#s3b}
------------

Study enrolment has been completed, but the intervention and data collection (T4, T5) are ongoing.

Participants {#s3c}
------------

### Eligibility criteria {#s3c1}

Men recruited for this study are diagnosed with prostate cancer, aged ≥50, have no contraindications to exercise and are currently treated with gonadotropin-releasing hormone (GnRH) agonist/antagonist with or without antiandrogen for at least 12 weeks or have received prior treatment of GnRH agonist/antagonist and have serum testosterone concentration \<50 ng/dL at baseline and for the study duration. Metastatic patients are not excluded. Inclusion and exclusion criteria are provided in [table 1](#T1){ref-type="table"}.

###### 

Inclusion and exclusion criteria

  Inclusion criteria                                                                                                                                                                                                                                                                                                                                 Exclusion criteria
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Males diagnosed with prostate cancer≥50 years of ageCurrent treatment with ADT (GnRH agonist/antagonist with or without antiandrogen) for a minimum of 12 weeks OR Prior treatment with ADT and serum testosterone concentration\<50 ng/dL at baseline and for study durationPermission from treating/study physician to participate in exercise   Chemotherapy or radiation therapy within the past four weeksOpioid-requiring cancer-related painAcute coronary or vascular event within the past one yearMajor surgery within the past six monthsUncontrolled coronary heart diseaseNeurological, orthopaedic or genitourinary limitations that preclude participation in exerciseHistory of allergic reaction or intolerance to whey protein (lactose intolerance is acceptable)Current use of N-acetylcysteine orα-lipoic acid supplementsCurrent participation in a structured exercise programme

ADT, androgen deprivation therapy; GnRH, gonadotropin-releasing hormone.

### Recruitment strategy {#s3c2}

Patients are recruited by (1) referral from the medical oncology physicians and staff at the University of Southern California (USC) Norris Comprehensive Cancer Center (NCCC) or local hospitals; (2) referral from USC Physical Therapy clinics; (3) outreach at community survivorship meetings in the Los Angeles, California, area; and (4) advertisements in local newspapers. Interested patients are provided detailed information on the study protocol by the principal investigator, inclusion/exclusion criteria are verified and written consent is obtained. For patients not currently receiving ADT at the time of consent, an additional screening for testosterone is performed using the criteria of testosterone \<50 ng/dL, with blood collected and analysed real time (T0, [figure 1](#F1){ref-type="fig"}). If total testosterone is found to be 50 ≥ ng/dL, the patient is considered ineligible for the study and dropped prior to randomisation. Testosterone concentration is again checked post intervention to ensure eligibility requirements have been met throughout the duration of the study.

Interventions {#s3d}
-------------

Participants in the RTPS and RT groups perform one-on-one RT three times per week for 12 weeks with an ACSM certified Cancer Exercise Trainer, with each session lasting approximately 45 min. Participants in the PS and control groups perform a home-based flexibility programme three times per week for 12 weeks, with each session lasting approximately 5 min.

### Resistance training programme (RTPS and RT groups) {#s3d1}

###### 

Periodisation model for exercises in the resistance training programme

  ---------------- ------------------------------------- ----------------- ---------- --------- --------- --------- -------- -------- -------- --------- --------- ---------
  **Mesocycle**    **Muscular endurance /hypertrophy**   **Hypertrophy**                                                                                           
  **Microcycle**   Week 1                                Week 2            Week 3     Week 4    Week 5    Week 6    Week 7   Week 8   Week 9   Week 10   Week 11   Week 12
  **Intensity**    60% 1RM                               65%--67% 1RM      70% 1RM    75% 1RM   80% 1RM   83% 1RM                                                  
  **Volume**       15×3                                  12--15×3          10--12×3   8--10×3   6--8×3    8×3                                                      
  **Rest (min)**   1                                     1                 1          1         1         1                                                        
  ---------------- ------------------------------------- ----------------- ---------- --------- --------- --------- -------- -------- -------- --------- --------- ---------

RM, repetition maximum.

Participants in the RTPS and RT groups participate in a 12-week, supervised periodised RT programme at the USC Clinical Exercise Research Center (CERC) 3 days per week. At each session, the trainer documents attendance, and records soreness and fatigue from the prior session. Participants are allowed to make up missed sessions, extending the study period by an additional 2 weeks for a maximum duration of 14 weeks. Treatment will be discontinued if participants attend \<80% of the training sessions, miss more than four consecutive training sessions, or for patients not concurrently on ADT, total testosterone level ≥50 ng/dL. In addition, a participant may be removed whenever he wishes.

The RT intervention consists of a systematically progressed resistance exercise programme focusing on hypertrophy with limited rest periods. Similar RT protocols have been shown to elicit improvements in strength, muscle thickness[@R20] and appendicular lean mass[@R21] in PCS on ADT, while improvements in the MetS components of waist circumference and HDL-C have been observed in overweight individuals.[@R33] This intervention builds on these existing protocols by employing RT in the absence of aerobic training to emphasise changes in lean mass. In addition, this protocol incorporates structured, goal-oriented progression through explicitly defined mesocycles that advance load and repetition using a linear model of periodisation.

In the periodisation model, two mesocycles are used, with each week representing a microcycle ([table 2](#T2){ref-type="table"}).[@R22] The first mesocycle consists of 4 weeks and begins with a preparation phase where training at intensities and repetitions in the muscular endurance range (60%--67% 1RM) are performed.[@R22] The purpose of this low-intensity, high-volume preparation phase is to establish a base of training and to increase tolerance of higher training intensities that occur later in the programme. These objectives are particularly important in a clinical population such as PCS, where safety is a major concern, and energy levels may be affected by treatment.[@R18] The last week of the first mesocycle serves as a transition into a hypertrophy range, with training performed at 67% 1RM. The second mesocycle consists of 8 weeks and progresses through a hypertrophy training range of 70%--83% 1RM.[@R22] Rest intervals are maintained at 1 min between sets and exercises to afford a moderate recovery of force production while sustaining metabolic stress in accordance with a hypertrophy training goal.[@R35]

Each 1-week microcycle includes three training days ([table 3](#T3){ref-type="table"}). One training session is focused on the lower extremities and trunk musculature, the second is focused on the upper extremities and trunk musculature, and the third session includes training of both upper and lower extremities. Dividing the weekly training volume in this manner allows each muscle group to be trained for a frequency of 2 times per week, affording greater recovery between heavy loading bouts.[@R36] As recuperative ability is diminished in older men due to ADT and deconditioned training status,[@R12] greater recovery between training sessions may optimise anabolic effects on muscle tissue and prevent overtraining.

###### 

Sample training week in the hypertrophy mesocycle

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Lower/trunk                Lower/upper   Upper/trunk                                                                                                          
  -------------------------- ------------- ------------------------------ ------------------- ------------------------------ --------- ------------------- ---- ---------
  *Dynamic warm-up*                                                       *Dynamic warm-up*                                            *Dynamic warm-up*        

   Split squat               --            15×2                            Air squat          --                             15×2       Pushup             --   15×2

    Agility ladder           --            ×2                              Pushup             --                             15×2       Reverse pull-up    --   15×2

  Leg press                  70            10×3                           Leg press           70                             10×3      Chest press         70   10×3

  Leg curl                   70            10×3                           Chest press         70                             10×3      Lat pulldown        70   10×3

  Leg extension              70            10×3                           Leg curl            70                             10×3      Shoulder press      70   10×3

                                                                          Lat pulldown        70                             10×3      Seated row          70   10×3

  Hip bridge                 --            15×3                           Leg extension       70                             10×3      Dead bug            --   15×3

  Plank                      --            30 s ×3                        Shoulder press      70                             10×3      Plank               --   30 s ×3

                                                                          Seated row          70                             10×3                               

  *Flexibility*                                                           *Flexibility*                                                *Flexibility*            

    Hip flexors, extensors   15 s ×1        Hip flexors, extensors\       15 s ×1              Shoulder extensors, flexors   15 s ×1                            
                                            Shoulder extensors, flexors                                                                                         
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------

RM, repetition maximum.

The exercises selected for the intervention fall into one of two categories: (1) exercises that form the basis of the hypertrophy-specific routine and (2) dynamic movements that promote improvement in trunk stability. Trunk stabilisation exercises are purported to enhance sport performance and activities of daily living,[@R37] as improvements in bench press and squat strength[@R39] and ability to perform more difficult exercises[@R40] were observed following a programme incorporating trunk stabilisation exercises. Hence, because the hypertrophy-specific routine in this study is progressive and consists of exercises that require postural stabilisation, trunk stabilisation movements are included.

The exercises are assigned a load according to the periodisation model intensity, with the exception of exercises targeting the trunk musculature, which are performed without external resistance. Each session begins with a dynamic warm-up consisting of exercises that emphasise trunk stabilisation and emulate the movements performed in the hypertrophy-specific routine ([table 3](#T3){ref-type="table"}). Exercises with minimal compression to the axial skeleton were selected for the hypertrophy-specific routine. However, in the event a participant is unable to perform an exercise due to pre-existing bone lesions or pain, an alternative exercise stimulating the same muscle group will be substituted and non-adherence to the original exercise programme is recorded. A dynamic warm-up is included rather than a static-stretching or aerobic warm-up because flexibility routines that consist of active, sport-specific exercises have been shown to positively influence performance outcomes following the warm-up bout.[@R41] The session concludes with 5 min of static stretching as described in the flexibility protocol.

### Flexibility protocol (RTPS and RT groups---supervised; PS and control groups---home-based) {#s3d2}

The flexibility protocol consists of one set of 3--4 static stretching exercises held for 15 s and performed 3 days/week. Because ACSM guidelines for cancer survivors recommend the stretching of major muscle groups on days that strength training exercises are performed,[@R19] static stretching exercises are included at the end of every training session in the RTPS and RT groups. In an effort to reduce attrition in the PS and control groups, participants receive a home-based flexibility programme consisting of the same stretching exercises as the RTPS and RT groups, as performed in previous studies in PCS.[@R42] Since the flexibility exercises are low intensity, low impact and low volume, performance of the stretching by the PS and control groups should not affect caloric expenditure or the targeted outcomes. In addition, no flexibility exercises are included that would be contraindicated for participants with axial skeletal bone metastases, including spinal flexion/extension/rotation.[@R43] Muscle groups targeted in the stretching exercises are given in [table 3](#T3){ref-type="table"}. To increase compliance to the home-based programme, PS and control participants are instructed in performance of the flexibility exercises by the principal investigator as described in the 'Familiarisation' section, then are given a stretching band and a booklet detailing the stretching exercises to take home. In addition, PS and control participants complete weekly records of flexibility compliance and other exercises performed outside the study with a monetary compensation provided at midpoint and post intervention.

### Protein supplementation {#s3d3}

Participants in the RTPS or PS groups receive 50 g/day of whey protein isolate (EnergyFirst, Manhattan Beach, California, USA) for 12 weeks. The 50 g daily supplement is divided into two 25 g doses, with each 25 g dose containing 112.5 kcal, 25 g protein (2 g leucine), 0 g fat and 3.75 g carbohydrate. A daily supplement of two 25 g doses is chosen to maximise stimulation of skeletal muscle protein synthesis as consumption of protein containing at least 2 g of the amino acid leucine was reported to increase protein synthesis in older adults to a similar extent as in young individuals.[@R44] Participants are instructed to take doses separate from a meal in the morning and afternoon or evening. Participants are instructed to consume their regular food intake in addition to the supplements. For those participants in the RTPS group, one dose is given immediately after each RT session, as previous investigations suggest this is an optimal window for anabolic stimulus post exercise.[@R45] Finally, participants record the date and time of protein ingestion in a log, which is collected on a weekly basis. PS will be discontinued if a participant experiences an intolerable adverse reaction to whey protein or if he wishes to stop the supplementation. In these scenarios, the participant will be allowed to continue the study in his original group allocation, while any missed doses of PS will be reported as non-compliance.

### Familiarisation {#s3d4}

Regardless of group randomisation, participants are instructed in proper technique, breathing and full range of motion on all resistance exercises used in strength testing prior to the baseline assessment (F1, F2; [figure 2](#F2){ref-type="fig"}). The purpose of the familiarisation sessions is to increase the reliability of strength measurements. Familiarisation occurs over two separate sessions, with the same exercises performed during both sessions. Participants begin with a 5 min dynamic warm-up as described in the 'Resistance training programme' section, then complete the following exercises in the prescribed order: (1) leg press, (2) chest press, (3) leg curl, (4) seated shoulder press, (5) leg extension and (6) seated cable row. For each exercise, participants complete two sets of 10 repetitions at loads of approximately 20RM and 15RM. The session concludes with static stretching exercises described in the 'Flexibility protocol' section. For the PS and control groups, participants are familiarised to the home-based stretching exercises by performing the stretches with a band under the supervision of the principal investigator.

Outcomes {#s3e}
--------

All outcome measures assessed in this study are presented in [table 4](#T4){ref-type="table"}.

###### 

Outcome measures and methods

  Outcomes                        Methods                                                                              T1, T2   T3   T4, T5
  ------------------------------- ------------------------------------------------------------------------------------ -------- ---- --------
  Primary end point                                                                                                                  
   Sarcopenic obesity             DXA: LBM, % body fat                                                                 x        x    x
  Secondary end points                                                                                                               
   Components of MetS (5):                                                                                                           
    Glucose, HDL, triglycerides   Analysed in peripheral blood                                                         x        x    x
     Blood pressure               Pressure cuff at rest                                                                x        x    x
     Waist circumference          Measuring tape                                                                       x        x    x
   Cardiometabolic biomarkers     Analysed in peripheral blood                                                         x        x    x
   Muscle strength                10RM leg press, chest press, leg curl, shoulder press, leg extension, seated row     x        x    x
   Cardiorespiratory fitness      400 m walk test                                                                      x             x
   Functional power               Stair climb                                                                          x             x
   Mobility                       Timed up and go                                                                      x             x
   Balance                        Y balance test                                                                       x             x
   Skeletal muscle studies                                                                                                           
     Gene expression              RT-PCR                                                                               x             x
    Protein expression            SDS-PAGE, western blot                                                               x             x
   Quality of life                FACT-P, SF-36, BFI, CES-D                                                            x             x
   Feasibility                    Accrual, retention, adherence                                                        x             x
  Additional end points                                                                                                              
   Prostate cancer history        Family history, Gleason score, PSA history, biopsy results                           x             
   Medical history                Pre-existing disease, injuries                                                       x             
   Treatment history              Treatment type and date: hormone therapy, surgery, radiation therapy, chemotherapy   x             

BFI, Brief Fatigue Inventory; CES-D, Center for Epidemiologic Studies---Depression Scale; DXA, dual-energy X-ray absorptiometry; FACT-P, Functional Assessment of Cancer Therapy Prostate; HDL, high-density lipoprotein; LBM, lean body mass; MetS, metabolic syndrome; RM, repetition maximum; RT-PCR, real-time PCR; SF-36, Short Form-36; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; PSA, prostate-specific antigen.

Sarcopenic obesity {#s3f}
------------------

The primary outcome is sarcopenic obesity, which is evaluated using measurements of appendicular skeletal mass (ASM) and body fat % at baseline (T1), midpoint (T3) and post intervention (T4) through whole-body dual-energy X-ray absorptiometry (DXA, Lunar GE iDXA, Fairfield, Connecticut, USA), following a 12 hours fast. Patient positioning and scanning is conducted as described by Hart *et al* [@R47] In-house coefficients of variation for DXA measurements calculated from a small subsample of patients with prostate cancer (n=5) are 0.06% for ASM and 0.001% for body fat %. Classification of sarcopenic obesity is made using the approach by Baumgartner,[@R48] which was developed from reference data from the New Mexico Aging Process Study (n=301)[@R49] and New Mexico Elder Health Survey (n=883)[@R50] using GE/Lunar DXA, and used more recently in a cross-sectional analysis of sarcopenic obesity in data from the National Health and Nutrition Examination Survey (n=4984).[@R51] Sarcopenia is defined as appendicular skeletal muscle index (ASMI = ASM (kg)/height^2^ (m^2^)) \<7.26 kg/m^2^, while obesity is defined as body mass index \>30 kg/m^2^.

Metabolic syndrome {#s3g}
------------------

Participants are considered to present with MetS if criteria for three of five components of the syndrome are met[@R3]: (1) waist circumference ≥40 inches, (2) triglycerides≥150 mg/dL or treatment for this lipid abnormality, (3) HDL-C ≤40 mg/dL or treatment for this lipid abnormality, (4) systolic blood pressure ≥130 mm Hg or diastolic blood pressure ≥85 or treatment for hypertension and (5) glucose ≥100 mg/dL or previously diagnosed type 2 diabetes. In addition to analysing changes in each MetS component, changes in overall MetS status (yes/no) and a combined score of the 5 MetS variables, calculated for each participant, are analysed from baseline to study completion.

### Venipuncture {#s3g1}

All serum markers are obtained from peripheral blood samples following a 12 hours fast at baseline, midpoint and post intervention. Blood is drawn from the antecubital or dorsal hand vein by phlebotomists at USC Keck hospital, processed within 2 hours, and stored at −80°C.

### Biomarkers {#s3g2}

In addition to the MetS biomarkers (glucose, HDL-C, triglycerides), the following cardiometabolic markers are obtained from peripheral blood samples as described above: (1) insulin, (2) IGF-1, (3) IGF binding protein, (4) haemoglobin A1c and (5) the inflammatory marker high-sensitivity C reactive protein. Lipids are analysed by the Norris Clinical Reference laboratory, while all other markers are analysed by the Diabetes and Obesity Research Institute at USC.

### Waist circumference {#s3g3}

Waist circumference is assessed by the same experienced investigator using a tape measure placed midway between the lower margin of the last palpable rib and the superior border of the iliac crest.

### Blood pressure {#s3g4}

At the baseline test, blood pressure is measured on both arms using an automated device (Welch Allyn, Skaneateles Falls, New York, USA) with the participant in the seated position following 5 min of quiet sitting. The arm with the higher blood pressure is recorded and used in subsequent measurements.

Physical fitness {#s3h}
----------------

All fitness measures are performed in the CERC by the same certified exercise trainer in the following order: (1) 400 m walk, (2) timed up and go, (3) stair climb, (4) balance and (5) muscular strength.

### Muscular strength {#s3h1}

Maximal voluntary strength is assessed at baseline, midpoint and at the completion of the intervention for the six exercises practised during the familiarisation sessions using 10RM strength tests. Participants complete a warm-up at an approximate 20RM load, which is estimated based on researcher experience and verbal questions pertaining to training history. Three attempts are given to reach the final 10RM load with a 2 min rest period between attempts. To determine load percentages used in the periodisation model, 1RM values are calculated from the 10RM. Specific regression equations for the leg press and chest press are used, with 1RM leg press=1.2091 (10RM)+38.0908 (R^2^=0.933),[@R52] and 1RM chest press = (0.025×10RM×10)+10 RM (R^2^=0.99).[@R53] For all other exercises, the equation 10RM/0.75 is used to calculate the 1RM.[@R54] Non-adherence is reported for participants unable to perform strength testing for a particular exercise due to pre-existing bone lesions or pain.

### Cardiorespiratory fitness {#s3h2}

The 400 m walk has been administered as a test of aerobic fitness in previous investigations in PCS on ADT.[@R11] Participants are instructed to walk as quickly as possible without running on a 200 m segment that is traversed twice. The investigator follows behind the participant for safety and to ensure the entire distance is traversed. Completion time is recorded to the nearest 01 s.

### Functional power {#s3h3}

Previous investigations in PCS on ADT have used a stair climb as a test of functional power.[@R11] Participants are instructed to ascend a flight of 10 stairs one step at a time as quickly as possible without using a handrail. Timing begins when one foot steps on the third stair and ends when one foot reaches the ninth stair. Time is recorded to the nearest. 01 s using a stopwatch, and an average of three trials is calculated. One practice trial is given before the three trials.

### Mobility {#s3h4}

The timed up and go test reflects mobility and has been used to classify functional status of patients with cancer following treatment.[@R55] Participants begin seated in a chair with hands on the armrests, are asked to rise, walk to a line on the floor 3 m from the chair, turn around and return to the same seated position as quickly and safely as possible. Timing is performed with a stopwatch, with score as the time to completion to the nearest. 01 s. One practice trial given, and an average of time for three trials is calculated.

### Balance {#s3h5}

Participants perform the Y balance test (Functional Movement Systems, Danville, Virginia, USA), which has been shown to be a reliable measure of injury risk in patients with a variety of lower extremity conditions.[@R56] Participants stand on one foot on a stance platform from which three pieces of polyvinylcholoride pipe, marked in 5 mm increments, extend in the anterior, posteromedial and posterolateral directions. Two investigators are positioned on either side of the participant during the test to ensure patient safety. The participant is instructed to push a target with the foot of the reaching limb in each of the three directions. Maximal reach is recorded for each foot, in each of the three directions, for a total of six measures. A practice trial is given for each foot in each direction. Participants unable to perform the balance test safely due to pre-existing bone lesions or pain are excluded, and non-adherence to the test is reported.

Skeletal muscle cellular and molecular outcomes {#s3i}
-----------------------------------------------

Molecular end points are selected to reflect signalling of various targets along the anabolic and catabolic pathways through gene and protein expression. The anabolic outcome measures include (1) peroxisome proliferator-activated receptor gamma (PPARG) coactivator 1 alpha (PGC-1α4), a transcription coactivator associated with LBM maintenance in cachetic mice; (2) IGF-1; (3) phosphorylated Akt and (4) mTOR, all of which are myogenic factors that have been shown to be responsive to exercise. Catabolic measures include (1) myostatin, a negative regulator of myogenesis; (2) FOXO3a; (3) MAFbx and (4) MuRF1, all of which are factors involved in the ubiquitination and degradation of proteins.

### Muscle biopsy {#s3i1}

In order to understand the molecular mechanisms underlying potential LBM changes, muscle biopsies are performed as an optional procedure at the discretion of the participant before (T1) and after the intervention (T4). Using a previously described muscle biopsy procedure,[@R57] a credentialed study physician obtains a percutaneous muscle sample (150--200 mg) from the vastus lateralis. As resting levels of anabolic and proteolytic muscle regulators are desired, the biopsies occur after an 8 hour fast and between 72 and 96 hours following the exercise.[@R58] Biopsy specimens are collected under local anaesthesia (1% lidocaine) and sterile conditions using a 5 mm Stille muscle biopsy needle (Micrins Surgical, Lake Forest, Illinois, USA) from the midportion of the vastus lateralis muscle. The postintervention biopsy is performed at a distance 2--4 cm from the first incision. The samples are immediately flash-frozen in liquid nitrogen and stored at −80°C for later analysis. Participants are compensated \$50 for each biopsy.

Biochemical analyses {#s3j}
--------------------

In order to quantify mRNA expression, muscle tissue samples weighing approximately 30 mg are homogenised from each sample. Total RNA is extracted (Qiagen RNeasy Tissue Kit, Valencia, California, USA), and the purity determined through spectrophotometry (NanoDrop ND-1000, Thermo Scientific, Waltham, Massachusetts, USA). The total RNA is reversed transcribed into cDNA using a previously published protocol.[@R57]

The primer sequences are obtained from previous reports on PGC-1α4[@R58] myostatin, FOXO3A, MAFbx and MuRF-1,[@R57] or are designed using the Primer3 program.[@R60] The internal control used to detect changes in gene expression during RT-PCR is GAPDH, which is based on findings from previous work examining myogenic gene expression following resistance exercise.[@R59] Each PCR reaction is amplified using a Bio-Rad thermal cycler with reaction volumes and cycling protocol determined by previous work.[@R57]

Patient-reported outcomes {#s3k}
-------------------------

### Dietary assessment {#s3k1}

At baseline and every week during the intervention period, all participants complete a 3-day dietary food intake that records intake over two weekdays and one weekend day. To increase compliance, all participants are monetarily compensated for each log. The dietary records are scrutinised under the supervision of a registered dietician to ensure accuracy in portion size before being entered in an online nutritional analysis application (My Fitness Pal, Under Armour, myfitnesspal.com). Daily energy consumption (kilocalories) and daily protein intake (g) are recorded for each participant. Participants who do not meet the minimum recommended daily allowance for adults of 0.8 g protein per kilogram of body weight are instructed to increase their daily protein intake to this level over the 1-week washout period prior to the intervention, which corresponds to the familiarisation training period. In addition, participants randomised to the RTPS and PS groups record whey PS compliance in a weekly log.

### Physical activity assessments {#s3k2}

Physical activity history is assessed at baseline and post intervention using the International Physical Activity Questionnaire, which has been validated in adults over the age of 65.[@R61] In addition, all participants complete a weekly log of physical activity for any exercise performed outside the study. Participants randomised to the PS and control groups are instructed to record the home flexibility programme compliance using the physical activity logs and are compensated for each log. Physical activity logs are collected in person every week for RT and RTPS participants, and in person at midpoint and post intervention for PS and control participants.

### Quality-of-life assessments {#s3k3}

All quality-of-life assessments are completed in person at baseline and 12 weeks, with an investigator available to answer questions if clarification is needed. Prostate cancer-specific quality-of-life status is assessed using the Functional Assessment of Cancer Therapy Prostate (FACT-P) instrument.[@R63] General quality-of-life status is assessed using the Short Form-36 (SF-36).[@R64] Severity of fatigue and the impact of fatigue on activities of daily living is assessed using the Brief Fatigue Inventory (BFI).[@R65] Emotional distress is measured using the Center for Epidemiologic Studies---Depression Scale (CES-D).[@R66]

Feasibility {#s3l}
-----------

The feasibility of the study is assessed through benchmarks that have been used in similar randomised controlled trials in cancer survivors and older adults, and includes (1) accrual in meeting a target enrolment of n=32 over a 3-year period, (2) retention of ≥80% in the overall sample,[@R67] (3) exercise session adherence through attendance of at least 31 of the 36 RT sessions (86%)[@R68] and (4) PS adherence of ≥72% of the doses.[@R45] In addition, tolerance of the exercise programme is assessed through adherence to the original exercises in the programme over the 3-month intervention.

Data safety and monitoring {#s3m}
--------------------------

Data are monitored by the USC NCCC Data and Safety Monitoring Committee through an annual review that includes evaluation of the current accrual relative to the planned total accrual, examination of all reported violations and review of past audits. The safety of the RTPS, RT and PS experimental arms is continuously assessed by study personnel through the absence of serious, adverse events, including extreme muscle soreness, dizziness, nausea or pain. Adverse events are identified and graded using CTCAE V.4.3 at every exercise session and testing time point and reported to research governance committees. As the study procedures and intervention were assessed to present low risk for patient safety, an interim analysis will not be performed.

Sample size {#s3n}
-----------

As this is a pilot study, sample size was determined based on previous studies in PCS on ADT with LBM as a primary end point, where total sample size was estimated to be 50 to detect a 1±1.25 kg change[@R12] and 60 to detect a 3±3 kg change[@R69] in LBM between exercise and control groups. We estimated that seven participants per group would inform variance and effect sizes of the various outcomes for powering a future definitive RCT. As we estimated a 15% attrition rate, we aim to recruit 32 participants in total.

Randomisation {#s3o}
-------------

Patients are randomly assigned to RTPS, RT, PS or control by the Clinical Investigation Support Office (CISO) at USC NCCC once the patient has been contacted by the principal investigator, is found eligible and has signed the informed consent. The randomisation list was prepared in advance by a biostatistician. To prevent potential bias, study personnel do not have access to the randomisation list. Trial participants and outcome assessors are not blinded to group allocation.

Data management {#s3p}
---------------

Data are collected in an anonymised format on paper research charts and stored securely before being entered electronically into the secure web-based Research Electronic Data Capture application (REDCap, Vanderbilt University). Data queries are managed by a single data manager. At the end of the trial, all paper research charts will be archived securely for 5 years before being confidentially destroyed.

Statistical analysis {#s3q}
--------------------

Intention-to-treat models will be tested using repeated measures analysis of covariance for the primary hypotheses that the exercise groups (RTPS + RT) exhibit greater improvements in all outcomes compared with the non-exercise groups (PS + control) from pre intervention to post intervention, adjusting for the protein factor. This will be followed by testing the secondary hypotheses that an ordinal contrast exists across groups, such that improvements are greatest in the RTPS group, followed by RT, PS and control. Missing postintervention assessments will carry the midpoint observation forward according to the intention-to-treat principle.

Discussion {#s4}
==========

Previously conducted exercise investigations in PCS on ADT have been effective at enhancing muscular strength and attenuating LBM loss, but limited evidence exists for the efficacy of exercise in substantially improving sarcopenic obesity and cardiometabolic risk factors. This study incorporates several innovative approaches in countering these adverse effects of ADT including (1) employing a periodisation model as a method of structured resistance exercise progression, (2) coupling PS with resistance exercise to maximise the potential for LBM increases and (3) investigating anabolic and catabolic regulators of skeletal muscle in an attempt to define molecular mechanisms underlying an RTPS intervention in PCS.

The periodised RT programme used in this study may serve as an ideal strategy for increasing LBM, decreasing fat mass and positively altering cardiometabolic variables in PCS on ADT, as previous interventions using periodised RT in overweight, young men,[@R23] middle-aged men[@R70] and elderly women[@R24] have demonstrated concomitant improvements in all areas. Prior investigations in PCS on ADT have shown individual changes in LBM, fat mass or cardiometabolic variables, but the optimal exercise prescription to elicit improvements in all areas remains to be elucidated. In particular, LBM increases were observed in PCS on ADT following an RT intervention, but no fat loss was reported.[@R21] Additionally, a combined intervention of RT+AT demonstrated beneficial changes in cardiometabolic variables, decreases in whole-body percentage of fat attenuation of LBM loss, but not LBM gain.[@R9] These findings suggest that changes in both skeletal muscle and fat are necessary to optimise positive alterations in cardiometabolic outcomes, likely due to a complex interplay between skeletal muscle, adipose tissue and metabolism. Indeed, loss of skeletal muscle has been shown to have unfavourable effects on whole-body glucose tolerance and insulin resistance,[@R72] and targeting the skeletal muscle-metabolism axis in PCS on ADT has been postulated to improve insulin resistance.[@R73] Thus, interventions that increase LBM, rather than attenuate its loss, may be most effective in improving cardiometabolic outcomes. As periodised RT has been shown to increase LBM and improve cardiometabolic variables, although in non-cancer populations, it represents a promising method to address the multiple adverse effects of ADT in PCS over aerobic training or RT+AT. Performance of the exercise programme in a controlled environment with one-to-one instruction is optimal for evaluating impact of the prescribed programme, but presents a challenge to widespread implementation. Strategies to facilitate translation of the prescribed exercise to a home-based or community-based programme will be an important subsequent step.

A second, novel aspect of this intervention is the coupling of resistance exercise with PS to maximise increases in LBM in PCS on ADT. Study participants are required to meet minimum dietary protein guidelines of at least 0.8 g protein/kg/body weight,[@R74] as this minimum is considered essential during all stages of cancer treatment, and may reduce the risk of cardiovascular disease.[@R18] In addition, the 50 g/day PS may be beneficial by helping to meet the suggested 10%--35% of total calories from protein,[@R18] as a low protein intake (\<10% total calories from protein) was associated with a higher risk of cancer and overall mortality in men over age 65.[@R75] On the other hand, a standard 50 g/day supplement may be less precise than a dose normalised to body weight as previous investigations in older adults have opted for this approach.[@R76] Yet, similar to investigations in breast cancer survivors[@R78] and older adults,[@R45] a standard daily amount independent of body weight was selected so that all participants would receive supplementation over their habitual dietary protein intake. Habitual protein intake and overall food consumption are monitored through 3-day diet logs over the 12-week intervention. However, no caloric control or dietary advice is implemented, which may represent a limitation in interpreting the effect of protein alone.

This study also attempts to characterise anabolic and catabolic signalling in the skeletal muscle in PCS with ADT. As loss of LBM resulting from ADT may have adverse metabolic and physical implications, understanding molecular mechanisms underlying favourable LBM changes due to exercise may contribute to potential adjunctive therapies while on ADT. In older adults and cancer patients with cachexia, the loss of LBM has been attributed to reduced signalling through the IGF-1/Akt/mTOR anabolic pathway and increased signalling through the myostatin/activin catabolic pathway.[@R29] Resistance exercise has been shown to exert potent anabolic effects, both through the repression of myostatin and the stimulation of protein synthesis through IGF-1,[@R81] and may therefore attenuate age-related and cancer-related impairments in muscle hypertrophy. In particular, chronic RT was shown to elevate resting levels of IGF-1 gene expression in human skeletal muscle, which was observed in association with increases in the transcriptional coactivator PGC-1α4.[@R58] In the same study, tumour-bearing mice with transgenic expression of PGC-1α4 maintained LBM throughout cancer progression and exhibited lower expression of myostatin compared with control tumour-bearing mice. Collectively, these findings suggest that PGC-1α4 may attenuate atrophy by blocking catabolic signalling through the myostatin/activin pathway via activation of IGF-1, and these findings may be observed in the context of cancer. Thus, an RTPS intervention that increases anabolic signalling through expression of PGC-1α4 and IGF-1, and reduces catabolic signalling through suppression of myostatin, may reverse LBM loss in PCS despite androgen deprivation.

This study was designed to address an important insufficiency in the adjunctive care of PCS on ADT following primary therapy. As patients make the transition from treatment to survivorship, implementation of positive lifestyle behaviours is essential to reducing ADT-related detrimental effects, lowering healthcare costs for cancer and comorbidities, and enhancing health-related quality of life. This study attempts to counter the progression of sarcopenic obesity with an innovative, multilayered approach that includes a periodised model of resistance exercise, PS and investigation of molecular outcomes regulating skeletal muscle changes. Findings from this study may serve as an evidence-based exercise prescription for PCS on ADT, and inform future large-scale exercise trials on parameters related to survival in patients with prostate cancer.

Ethics and dissemination {#s4a}
------------------------

Ethics approval was obtained prior to study initiation from the USC Institutional Review Board (HS-13--00315). This trial is registered at ClinicalTrials.gov (NCT01909440). All study participants provide written informed consent prior to enrolment. Any protocol amendments will be communicated to the USC CISO NCCC and institutional review board for approval. Should a revised consent form be required, current study participants will be asked to again provide written consent. Results will be disseminated in peer-reviewed journals, national scientific conferences and cancer networks.
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